classifying the Enrique fore-reef and off-reef areas in a net dissolutional state. The combination of 52 thermodynamically-driven depressed aragonite saturation state and high rates of respiration during the 53 summer cause conditions that jeopardize the most soluble carbonate minerals and the free energy in the 54 system for calcification. These data suggest that the reef area and associated ecosystems upstream of the 55 sampling location are experiencing a net loss of CaCO3, possibly compromising coral ecosystem health 56 and reef accretion processes necessary for maintenance as sea level increases. Resiliency from other 57 climate-scale stressors including rising sea surface temperatures and coral bleaching is likely to be 58 compromised in a system exhibiting net carbonate loss. 59
Introduction 60
Oceans are the largest natural sink for excess atmospheric carbon dioxide (CO2,air), currently absorbing 61 approximately one-third (~ 28 %) of all anthropogenic CO2,air each year (Sabine et Representative Concentration Pathways (RCP6.0 and RCP8.5), dissolved CO2 in the surface ocean 64 (CO2,sw) will likely double over its pre-industrial concentration (~280 µatm) by the middle of this century, 65 producing significant changes in the ocean carbonate chemistry (IPCC, 2014 (2) 79 80 where, Ca 2+ is the calcium ion. The solubility of CaCO3 minerals in seawater is described by Mucci 81 The Ω is defined as the ratio of concentration product to K*SP: 87 where, ∆G is the Gibbs free energy (cal mol -1 CaCO3), R is the ideal gas constant (J mol -1 K -1 ), T is 98 absolute temperature (K), IAP is the ion activity product, and k is the thermodynamic solubility product. 99
The subscript x denotes the mineral phase of interest. While regions of the Southern Ocean surface waters 100 could experience under-saturation with respect to aragonite (i.e., Ωarag < 1), should CO2,air levels exceed 101 longer residence times (months) are found closer to shore (Venti et al., 2012) . The residence times from 258 the offshore station and Enrique reef (Fig.2) were measured in 2011 using the inputs and outputs of 259 Beryllium-7 ( 7 Be) according to Venti et al. (2012 Venti et al. ( , 2014 . The mean residence times calculated for January 260 and May were 9 and 11 ± 2 days (Venti, personal communication), respectively. 261
Autonomous observing capabilities and dataset 262
The autonomous capability of the MapCO2 buoy provides continuous 3-hour measurements of both 263 CO2,air and CO2,sw mole fraction (xCO2,air and xCO2,sw). These are converted to pCO2 with total 264 uncertainties of <1 µatm and <2 µatm, respectively (Table 1 ; Sutton et al., 2014a ). The buoy is equipped 265 with a seawater-gas equilibrator, reference gas standard, an infrared gas analyzer, Seabird 16/37 266 conductivity and temperature recorder, and a Sunburst TM SAMI-pH system located at about 1 m depth. 267
Details of the MapCO2 instrument calibration and data Quality Assurance and Quality Control (QA/QC) 268 processes are described in Sutton et al. (2014a Sutton et al. ( , 2014b . Final measurements used for the analyses cover 269 from January 2009 to January 2017. 270
271
The MapCO2 buoys also have an internal Maxtec TM O2 sensor (MAX-250+) located inside the CO2 272 electronics tube (downstream of the infrared gas analyzer sensor) to measure percent of oxygen in air (% 273 O2, ± 3%). These sensors are part of the observational network of all PMEL CO2 buoys, but only intended 274 as a diagnostic tool. The sealed compartment that houses the sensor provides protection from seawater 275
Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-408 Manuscript under review for journal Biogeosciences Discussion started: 12 October 2018 c Author(s) 2018. CC BY 4.0 License. and the effects of marine biofouling, and excessive temperature, humidity, and pressure changes. Despite 276 their diagnostic purpose, they have been shown to offer some utility for studying ocean biological 277 variability (e.g., Xue et al., 2016) even though measurements from the MAX-250+ may not be ideal due 278 to slow O2 equilibration response times (Sutton et al., 2014a) . Nevertheless, in an effort to achieve more 279 coherent and usable long-term estimates of O2 concentrations, we obtain reasonable results when we post-280 calibrate the MAX-250+ using early deployment data from the Aanderraa TM O2 optode (Aanderaa 4775, 281 accuracy of ±5 %). 282
283
The O2 data obtained by the optode sensor tends to be unreliable for extended deployments of over 6 284 months as a consequence of biofouling and subsequent sensor drift. Therefore, we proceed under the 285 assumption that they are accurate within specifications for a time period between calibration and prior to 286 any biofouling. The MAX-250+ sensor bias correction was derived from four optode deployments from 287 2011 to January 2017, and 20 in situ bottle Winkler O2 (Winkler, 1888) measurements collected and 288 analyzed at the CARICOOS lab between 2015 and 2016. The O2 optode measurements were salinity 289 compensated and an internal QA/QC process was applied where the first O2 measurements were removed 290 (considered as the flush to purge residual water and bubbles in the flow lines) and the last two of each 291 cycle averaged. Seawater surface concentration (mmol m -3 ) is calculated using the O2 solubility (Garcia 292 and Gordon, 1992) as a function of SST and SSS. Linear regression analyses were performed at daily and 293 seasonal time scales (see supplemental material, Fig.S1 and S2) and the best fit (r 2 = 0.90, RMSE = 3, n 294 = 40) was found using the daily averages of the first 40 days after the first deployments, a time interval 295 whereby we judge the data accurate. We corrected the MAX-250+ measurements using the offset and 296 slope (Fig.S1 ). We also found the corrected O2 measurements agreed reasonably well with the Winkler 297 O2 determinations (± 6.85 mmol m -3 ). 298
299
Hourly wind measurements were taken from the nearby NOAA Integrated Coral Observing Network 300 (ICON) station. This station was maintained as an instrumented Coral Reef Early Warning System 301 (CREWS) station from 2006 to 2013 at the Media Luna middle-shelf reef (Fig.2-b Fig.2-b ), 1.5 km from the MapCO2 buoy. Wind speed from the ICON and CARICOOS stations were 304 measured at 6.5 m and 7.8 m height, respectively. Wind speeds were normalized to a wind speed at 10 m 305 height according to Hsu et al. (1994) and averaged to every 3 hours. Wind data is taken from this station 306 from 2015 to 2017. Wind data gaps were filled using a climatological curve created with these two 307 datasets. This method was preferred over the use of buoys far from the near-shore study site or satellite 308 wind measurements, as their use tends to overestimate the gas air-sea exchange due their low temporal 309 coverage and limited near-shore spatial coverage (e.g., Jiang et al., 2008) . We believe that the coastal 310 topographic setting plays a role in setting up diurnal wind patterns, which are not captured by the remote 311 buoys or the satellite-derived wind speed data. 312
Lab (

In situ geochemical surveys 313
Open ocean dynamics in carbonate chemistry are reasonably well constrained and often characterized 314 based on TA-salinity and pCO2-temperature relationships (Lee et al., 2006; Gledhill et al., 2008) . 315
However, in near-shore environments benthic and coastal processes can convolute these relationships. May, November, and December. Details about the collection and analyses procedures of these in situ 321 measurements are available in supplemental material, S2. 322
323
The average difference between pCO2,sw buoy measurements and pCO2,sw calculated from in situ bottle 324 samples was <0.5 μatm. The average difference between SAMI-pH and spectrophotometric pH 325 measurements was 0.005. This data comparability, achieved with widely differing methods, demonstrates 326 the robust quality of our analytical procedures and resulting data. In situ bottle measurements helped with 327 the determination of site-specific algorithms for TA and allowed estimates of DIC and pCO2,sw from incontrolling the pCO2,sw dynamics at the reef station using a 1-D mass conservation model (described in 330
Sect. 2.6). 331 2.5 First-order derivations of TA and calculation of carbonic acid system 332 TA algorithms based on seawater surface salinity (SSS) and temperature (SST) break down for inshore 333 waters subject to contributions from multiple freshwater end-members and CO3
2-ion variability during 334 calcification and dilution processes (Lee et al., 2006) , requiring site-specific relationships to be 335 determined. At the Enrique forereef, in situ bottle TA measurements showed a moderate (r 2 = 0.42), but 336 robust (p < 0.0001, n = 547) correlation to SSS (see supplemental 
Thermodynamic variability 365
The thermodynamic variability (∂pCO2SOL) was imposed on the system using daily-observed changes in 366 SST and SSS using the CO2SYS program. We preferred this method over the temperature only 367 dependence coefficient (0.0423°C -1 ) by Takahashi et al. (1993) as both SSS and SST impart 368 thermodynamic variability in this region and the SST distributions are much different with respect to the 369 waters on which this dependence was derived. 370
Variation by physical transport 371
The physical transport attributable to horizontal transport via advection (∂pCO2HOR MIX) was characterized 372 empirically using SSS changes with assumed conservative mixing of TA and DIC between the reef and 373 open ocean (e.g., Xue et al., 2016) . Changes due to vertical mixing are neglected and the mixed layer is 374 assumed to extend to the bottom given the small variations on SSS and SST, from the CTD casts 375 performed for the in situ geochemical surveys, and shallowness of the site (3 m). In addition, three tidbit 376 temperature loggers were deployed one year long from January through December 2015 at different 377 depths along the buoy assembly, showing no thermal stratification in the area. The seasonal change in 378 SSS due to the mean potential evapotranspiration to precipitation rate is assumed to be small (<0.1%) and 379 hence neglected. Mixing due to tides is ignored due to the limited diurnal tidal range (<0.25m) in the area. according to Weiss (1974) . The s (mol kg −1 atm -1 ) is the solubility of CO2 per unit volume of seawater 408 (Weiss, 1974) , k (m s -1 ) is the transfer velocity as a function of wind speed at 10 m above mean sea level, 409 h is the mixed layer water depth (m), and ρ the seawater density (kg m -3 ). The transfer velocity-wind 410 speed relationship used is described by Wanninkhof (2014) . As a convention in this paper, O2 and CO2 411 positive fluxes are from the ocean to the atmosphere. 412
Modulation carbonate parameters by biological processes 413
The biological processes affecting pCO2,sw (∂pCO2BIO) were estimated as the residual of the remainder of 414 the other terms on the mass conservation equation (Eq.6) to close the system. The changes on ∂pCO2BIO 415 due to biological activity were defined as: 416
where pCO2NEP is defined as the processes affecting pCO2,sw due to gross photosynthetic production and 420 community respiration and the pCO2NEC refers to the processes affecting pCO2,sw due to calcium carbonate 421 gross calcification and gross dissolution. 422
423
The Revelle Factor (β, ∂ln pCO2,sw /∂ln DIC) was used to convert changes in ∂pCO2BIO to changes in DIC 424 (∂DICBIO) using the relation between pCO2,sw and DIC as defined by Revelle and Suess (1957) . The in 425 situ bottle pH and TA measurements were used to calculate the in situ bottle pCO2,sw, the DIC, and the β. 426
The partial change in DIC due to pCO2,sw (DIC/pCO2,sw,, μmol kg -1 μatm -1 ) was related to β. 
Net Ecosystem Production (NEP) and Net Ecosystem Calcification (NEC) rates 433
The difference between gross ecosystem photosynthetic production and respiration (NEP) was addressed 434 using the observed O2 (O2OBS) measurements and the net O2 air-sea flux (FO2). The net change in O2 due 435 to organic production is defined as: 436 summer. The seasonal variability was computed using the peak-to-peak amplitude. Details about how the 468 gaps were filled are described in the supplemental material, S4. 469
Error assessments 470
Model errors for the mass budget model variables (Eq. 6), NEP, and NEC were estimated using Monte 471
Carlo simulations. The same approach was used to estimate the uncertainties of TAreef, DICreef, DICAIR-472 SEA EX, DICBIO, Ωarag, and β linear regression coefficients. Prior to the Monte Carlo simulations, a 473 normality check was performed using the Kolmogorov-Smirnov test on each of the model variables to 474 verify that the data were normally distributed. Random normal distributions of each model variables 475 (Table 1) were generated using MATLAB. Sampling was repeated 1,000 times to establish the final 476 uncertainty, mean, and standard deviation for each simulation. Details about the error analyses are 477 describe in the supplemental material, S5. 478
479
The uncertainties associated with the buoy observations are relatively small compared with the 480 uncertainties in TA derived from the conservative mixing with SSS and SST (Eq. 5). This error is large 481 relative to the daily TA changes (which were typically small) and arises largely from non-conservative 482 biological processes, involved with net calcification and net dissolution, which cannot be captured in our 483 linear model. However, we demonstrate that TA uncertainties from the conservative mixing model are 484 
Biogeochemical footprint 490
To better constrain the uncertainty in the horizontal advection term, we used underway measurements of 491 SSS, SST, O2, pCO2,sw collected in November 2016 and March 2017 that were intended to assess the 492 spatial variability around the MapCO2 buoy. These surveys extended from the buoy site to >1km 493 offshore/inshore and incorporated averaged column velocity profiles at the buoy site. The maximum 494 pCO2,sw change observed during these surveys was < ± 0.5 µatm day -1 assuming the maximum observed 495 current speed (7 cm s -1 ) recorded. Our estimated uncertainty of pCO2 (± 0.5 µatm day -1 ) is based on this 496 observation. Considering a unidirectional ~7 cm sec -1 current, a daily mean parameter could be 497 influenced by waters up to ~6 km from the buoy. In actuality, the length scale would be much less 498 considering diurnal changes in tides and wind direction. Further, gradients in carbonate parameters 499 between the different reef sites, seagrass, mangrove channels, sand, and offshore waters tend to be small 500 relative to the temporal changes addressed in this study. Based on these results and Enrique's 501 physicochemical characteristics (e.g., currents, winds, residence times, and SSS changes), we assume that 502 the local river inputs are small and that the forcing from offshore waters occurs at time scales much longer 503 than the reef residence time. Nevertheless, it is important to note that our estimates are not solely 504 influenced by a single reef community and instead are representative of the broader reef-shelf complex 505 system. 506
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Results 507
Seasonal variability of the carbonate chemistry 508
On an annual scale, the Enrique reef experiences a seasonal SST daily average variations of about 4 ˚C 509 (Table 2 ) with a maximum 30.2˚C during the summer (September) and a minimum of 26.6˚C during the 510 winter (January). The SST at the reef is about 1 ˚C warmer and 1 salinity unit fresher than the offshore 511 station CaTS. The high temperatures (>30 ˚C) between August and October coincide with low salinities 512 (Fig.4-a) . The SSS seasonal change is about 2 units with a maximum during the summer (April) and a 513 minimum during the winter (November). Increased local rainfall causes recurrent decrease in SSS during 514 the months of June through December. The DICreef and TAreef show similar SSS seasonal patterns with 515 maxima in April and minima between September and November (Fig.4-b) . The DIC shows a smaller 516 seasonal amplitude (~70 µmol kg -1 ) compared with TA (~100 µmol kg -1 ). Average phosphate and silicate 517 concentrations were 0.032 ± 0.018 μmol L −1 and 1.83 ± 0.277 μmol L −1 , respectively. The TA changes 518 attributable to these inorganic nutrients at these concentrations are negligible. 519 520 Enrique forereef, like many other reefs, is a persistent source of CO2 to the atmosphere (2.04 ± 2.13 mmol 521 CO2 m -2 day -1 ) with a minimum during the winter and a maximum during the summer (Fig.4 -c, Table 2 ). 522
The seasonal amplitude of the FCO2 is about 7 mmol CO2 m -2 day -1 with an annual mean of 0.75 ± 0.78 523 mol CO2 m -2 year -1 . Conversely, the maximum net FO2 outgassing (14 mmol O2 m -2 day -1 ) from the ocean 524 to the air occurs during the winter. During the summer, the system is a net sink with a maximum of about 525 -90 mmol O2 m -2 day -1 (Fig.4 -c, Table 2 ). Average daily wind speed ranges from 3 m s -1 to 6 m s -1 and 526 prevailing wind direction from the east and southeast, with little seasonal variation (Fig.4-f , Table 2 ). The 527 injection of bubbles represents <2 % of the total O2 flux variation at the site. were observed from August through October (late summer) while minima occurs in February when the 531 surface pCO2,sw decreases to near atmospheric equilibrium (~390 µatm). The pCO2,sw seasonal amplitude 532 is about 70 µatm (Table 2 ). In contrast, pCO2,air fluctuations were modest (13 µatm) and similar to regional 533 (Table 2 ). The mean pH is 8.02 ± 0.01 with an annual amplitude 541 of 0.07 units. Mean reef pH conditions during the late summer are ~17 % lower ("more acidic") when 542 compared with the winter (Fig.4-e) . The mean Ωarag is 3.59 ± 0.07 with an annual amplitude of 0.3 units 543 (Table 2) October can increase water column pCO2,sw up to about 20 µatm (Fig.5) . During the same season, the 548 air-sea exchange drives the pCO2,sw up to about 2 µatm decreasing DIC in the water column by only ~5 549 µmol kg -1 . From July through December, the ∂pCO2BIO drives up the water column pCO2,sw by about 8 550 µatm. The ∂pCO2HOR MIX does not show a significant seasonal change and we find its contribution to be 551 negligible (<1 μatm) throughout the year. 552
Discussion 553
Net Ecosystem Processes 554
High TA to DIC slope (>0.5) from the in situ surveys is observed in Enrique forereef indicating the strong 555 influence of net ecosystem metabolic processes over DIC and TA (Fig.6) . High TA to DIC slopes have 556 been used to qualitatively suggest that the system shows net calcification. However, despite Enrique's 557 high TA to DIC slope (1.1) calculated in this study and compared with other reefs areas in the Atlantic 558 and Pacific by Cyronak et al., (2018) , the excess of nTA and nDIC relative to adjacent Caribbean oceanic 559 horizontal transport and the removal of CO2 from the mixed layer via air-sea exchange, play a small role 577 on pCO2,sw . 578
Net ecosystem metabolism rates 579
On an annual basis, the NEP is about 69.5 ± 9 g C m -2 year -1 and NEC is about -581.9 ± 80 g CaCO3 m studies that are based on short-time reef community diurnal experiments. However, at the uncertainties 586 reported by other methods (e.g., TA-anomaly) this study may not be particularly anomalous in terms of 587 dissolution considering that most of these studies are focused on a specific community. One of the caveats 588 of the method is that is based on ecosystem processes in a near-shore reef zone that includes TA and DIC 589 fluxes that do not originate from the reef. This could mask the coral reef biological signature. Additional 590 studies would be required to evaluate and constraining these processes. 591 592 Based on our results, respiration is the major process dominating organic carbon metabolism at the site. 593
Daily rates of NEP reef ranged from -11 to 67 mmol C m −2 d −1 (Fig.7-a We believe the discrepancy between estimates is mainly because our model uses measurements taken at 600 the near-surface and thus integrates values over the water column and at some horizontal length scale. In 601 contrast, the CROSS and SHARQ systems measurements are restricted to the benthic boundary. 602
However, all methods showed net heterotrophic conditions during the studied days. 603
604
The seasonal rates of NEC range from -58 to 12 mmol CaCO3 m −2 d −1 (Fig.7-b . This has caused a shift of reef community structure as most reefs are no longer being dominated 612 by scleractinian corals and this has led to a decrease in calcification rates (Perry et al., 2013 We consider that the 1-D mass balance approach using buoy pCO2,sw and O2 observations produces 621 similar NEC and NEP values as the "slack water" (e.g., incubations or mesocosms) and non-enclosure 622 approaches (e.g., gradient flux, Eularian, Lagrangian and control volume of the seawater overlying the 623 benthic community). Our method also addresses their combined influence of benthic and water column 624 processes as well as the effects of CaCO3 dissolution on net ecosystem processes within the mid-shelf 625 reef areas of La Parguera Marine Reserve. It must also be pointed out that our mass balance approach 626 does not provide absolute values for NEP and NEC, but rather provides a climatological view of seasonal 627 changes in the balance of net heterotrophy and net autotrophy and net calcification and net dissolution. 628
We submit that this could prove more useful in terms of coral reef management as a tool to monitor the 629 reef system health across different temporal scales. 630 631 Further studies to validate this method against other methods that can capture the seasonal variability on 632 NEP and NEC at the site are needed. Validation of the NEC and NEP estimates from this method, either 633 directly or from nutrient or oxygen inventories, along with an understanding of hydrodynamics are needed 634 to constraint the effective footprint of the buoy measurements and to better discern community responses. 635
These additional assessments are necessary to predict the rates and magnitude of OA in near-shore reef 636 ecosystems. 637
Seasonal dynamics and physical drivers of net ecosystem metabolism 638
The seasonal cycle of NEP indicates that most of the net organic carbon fixation occurs during the winterseason (December) the system begins to switch from being heterotrophic to autotrophic, indicating that 641 community photosynthetic production in the winter is larger than the respiration (from December to 642 March). While production is an important process throughout the winter, respiration, particularly from 643
June and October, generates a local source of DIC to the system. 644 calcification from April to December. Therefore, net ecosystem metabolic processes provide positive 667 feedback driving Ωarag down (Fig.8) . Namely, continued release of CO2 due to respiration from April to 668 The seasonal correlation of Ωarag and NEC with SST and SSS is shown in Figure 9 . The transition of NEC 672 from net calcifying to net dissolving occurs in April when the seawater Ωarag is <3.6, SST is > 27, and 673 SSS is < 35 (Fig. 9) . The biological effects exhibit hysteresis in NEC and Ωarag, while the horizontal range 674
shows the thermodynamic effects on Ωarag. This is a characteristic of dynamic systems when multiple 675 drivers can exist for the same set of parameter values (e.g., NEC or NEP). These seasonal shifts can be 676 due to the combined synergy of local terms (thermodynamics, nutrients, light availability and water flow) 677 and regional (river inputs) processes that can influence reef metabolism (e.g., Yeakel et al., 2015; Bates, 678 2017). Enrique reef shows that when thermodynamic effects increase and Ωarag is high (>seasonal mean) 679 the system starts shifting to net calcification and autotrophic conditions (winter: January to March). As 680 the SSS decreases, the SST increases, and Ωarag decreases below the seasonal mean. During this time the 681 conditions are net heterotrophic and net dissolution rates increase, relative to the values above the Ωarag 682 seasonal mean. The underlying NEC-Ωarag seasonal hysteresis reflect that Ωarag is not the main driver of 683 NEC and that NEP and SST seems to control carbonate precipitation at this site. 684 685
Net dissolutional conditions 686
The average net dissolution at Enrique is about 4 times more than calcification. On an annual basis, the 687 loss in carbonate mass observed in La Parguera from April to December is about 629 ± 1.6 g CaCO3 m albeit minimally and with high variability. These budget surveys are not directly comparable to our NEC 716 rates, as they do not incorporate chemical dissolution and they are based on data obtained from a single 717 point observation in time. In addition, the census approach is based on the sum of the literature estimated 718 calcification rates by individual CaCO3 producers whereas our approach integrated abiotic and biotic 719 processes over the entire reef system. Our current estimates are controlled by a combination of the open 720 ocean end member and biogeochemical and hydrodynamic processes on the reef shelf. The results from 721 these studies highlight the need to develop methods to better understand the metabolic processes and 722 variable ranges in magnesium content are also present. Furthermore, the stoichiometric solubility product 745 used by CO2SYS to generate the Warag value is experimentally derived using abiotic aragonite while the 746 vast majority of CaCO3 minerals deposited on coral reefs are biogenically derived. The behaviour of these 747 biogenically produced minerals is complex in seawater owing to the important role of kinetics so care 748 must be taken to avoid over-interpreting a reported saturation state with a complex marine system such 749 as the La Parguera (see review by Morse et al., 2007) . Finally, it should be remembered that saturation 750 state is fundamentally related to the free energy of the system to drive the reaction which can be 751 capitalized by marine organisms. While corals have evolved a range of mechanisms to induce calcification 752 (at least adult life stages), these are energy intensive processes having to overcome the kinetic barriers to 753 calcification. The less free energy available in the ambient environment to drive reaction, the more energy 754 corals will need to utilize for calcification. 755
756
The annual median free energy available to drive mineral precipitation for this Caribbean system are 757 given in Table 3 . On the La Parguera shelf reef system, net dissolution would be favored for Mg-calcite 758 with >28 mol % MgCO3. It is important to consider that the free energies shown here are based on 759 solubilities for synthetic mineral phases while biogenic phases are considerably more soluble (Busenberg 760 and Plummer, 1989 ). This would imply that the "true" free energies may be only a fifth that derived here 761 owing to their distinct differences in physical properties, composition, structure, and reactivity relative to 762 synthetic phases which are commonly assumed (Morse et al., 2007) . 763
764
Adult marine calcifiers deploy a range of strategies to overcome this inhibition and drive the reaction at 765 rates that often depart significantly from abiotic processes. However, the initial energy available to drive 766 the reaction is reflected in the free energy pool of the ambient seawater. Whatever energy deficit may 767 exist between the ambient pool and that needed to induce nucleation is energy that the organism must 768 contribute itself. Due to the seasonal dynamics in free energy at Enrique reef, a coral must contribute an 769 additional ~ 85 cal mol -1 CaCO3 in the late fall relative to the spring regardless of the mineral phase being 770 considered (Fig. 10) . 771 772 This seasonal dynamic is relatively minor in comparison with the loss of the free energy that has been 773 depleted from the system due to OA since the pre-industrial period, which has likely been greater than 774 155 cal mol -1 CaCO3. By the end of the century under business-as-usual we can expect a loss ~337 cal 775 mol -1 with respect to pre-industrial values, which will need to be compensated for by marine calcifiers in 776 this system if they are going to maintain calcification. 777 Our results demonstrate that current sustained high temporal robust autonomous capabilities of buoyed 805 operational systems such as the La Parguera MapCO2 buoy can be used to detect metabolic processes 806 sensitive to OA. Future research efforts should be directed to combine different techniques and in situ 807 methods for model validation in order to gain a better understanding of ecosystem changes across different 808 temporal scales. Our methods yield a valuable index of cumulative net ecosystem effects of the biological 809 processes affecting the water column over the reef. It is also important to note that we use data from fixed 810 assets and that the methods may be scaled wherever similar data streams are found. Such results can be 811 used to establish critical baselines against which future comparisons can be made, thus enabling 812 evaluation of coral reef health and changes attributable to multiple stressors including OA. Further, high 813 frequency data provided by this and similar operational systems can be used to develop early warning 814 capabilities needed to identify and predict ecological community changes. 815
Data availability 816
The CO2 buoy data are archived on the Ocean Carbon Data System (OCADS) at 817 https://www.nodc.noaa.gov/ocads/data/0117354.xml; Sutton et al., (2014b 
